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Abstract

Raie coeflirenis have heen measurad &! temperatures a the ragge WU
PO for three wn molecule reaction svstems. O o NO and (O and
7« CH, Thewe results are compared eith previous stedies of iem
reratute and trarsiationa) energy dependenars of won-molecule reaction
rate voefficvents Problems relaung to operation of » flowreg sherghos
apparatus at high temperatures are discursed

1. Iatrodection

We have begun a studv of 1on molecule reactions at tem.
peratures unprecedented for onic interactions. Our mitial
work has been in the range V00 1MO K., but the apparatus
s designed for temperatures up to 000K Our immediate
motivation 13 to provide data and guidance for persons
modeling high temperature plasmas (e.g. around vehicles 1n
hvpersonic flight), but 1t 1s clear that many interesting ques-
tons ansc at high temperatures new reaction channels may
become activated and esotenca such as “entropy-dnven”
reactions [ 1] become more accessible for study. Further, the
apparatus may. in principle, be emploved for measurements
on clectron attachment. electron-1on recombination. and
wn- on recombination. In this article we will present results
on jon-molecule reactions studied thus far and will descnibe
some of the problems encountered working at high tem-
peratures

A tvpwcal vanable-temperature flowming afterglow or
sclected ion flow tube (SIFT) apparatus can operate at tem-
peratures as high as $50-600K using straightforward tech-
niques, limited by the type of materials and heaters used. In
the carly 1970s, Lindinger et al. [2] modified a flowing after-
glow apparatus at the National Oceanic and Atmospheric
Administration (NOAA) iaboratories to permit operation as
high as 900 K. The NOAA group reported results for nine
positive-ion reactions using this apparatus [2]. Reactions
which were fast (collisional) at 300K were found to be tem-
perature independent within  experimental uncertainty
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Reactions shich were slow a1 MIDK were ween to dexrease
with increasing emperature. but in two cases a shalle
minimum was observed  fr O7 < N a1t SOK and L
CO; « O, a1 about WOK 1 The increase in the rate coef!
ent at temperatures above the mmmum »w usualhv attnt
uted 1o 2 new mechamsm  sxh:  av  mvolvemnent
vibrational excrtation. but guantitative explanations are lee
{2] 1 For most of the reactions studied tn the NOAA grou;
data abo canted from carher flow.dnfl tube experiments
Generally speaking. the temperature vanation of the reac
ton rate coefficoents mumacked results from flow dnft tube
data on the ket encrgy dependence of reaction rates
That n, for those cases where a comparison was posuble
the reaction was apparently dnven v translational energy
and not substantially by molecular internal energy

On the other hand it s known that many reactwons are
strongly dependent upon internal exataton [ 4] Of
pnmary interest 10 us are the effects of rotational and vitwa.
tional excatation [4. §)

In the late 19708, Chen o1 al [ 6] constructed a statx dnft
tube mass spectrometer capabie of operation at 100K
Results were roported on the reactie .5 of O° with O, for
temperatures of 30-700K. and on O° with N for 1em.
peratures of 300-900K The data of Chen et ol agreed quite
well with those from the flow-drift tube [2]) and exhubnted
consderably less scatter than found in the flow-dnft work

We now have kinetics data on a number of positive and
negative 100-molecule reactions at temperatures up to
1300K,. though the data reported here extend only to
170K Our initial work has been focused on reactants
which should te thermally stable (e.g COL but we have also
looked at cases where decomposition of the reactant may be
occurring. probably via surfsce reactions in the inbet line

1 Experisnental detals

The high-temperature flowiag-afergiow (HTFA) st Phillips
Laboratory wtilires a 1-m loag stainless steel fow tube for
work up to 1300K. The apparatus is shown ia Fig 1. The
flow tube is tightly wrapped with commercial hesting tapes
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ke v gh teTEwr isce Goml I aTtergion apparatias § ot warae M Beauag tapes and wmulsticn P Sow tuce R reaitaz) et 1

fermon Lpie G e S oampbrg aperture () guadrupole mats speC., ometer M clectron multipher P sxuum pumps

e HTEA & water wonided The Somnstream end u sup
(sorted Sy than caindess steel sacuum wall that s water
Cwled 2t iy areumberence The on sampling chamber
‘contammng lenses. mas spectrometer. and ion detectorn) n
J suble-walled. with the inner chamber water cooled

{ons are ¢teated in the first 10cm of the flow tube
occtton bombardment of the fast-floming hebum buffer
Source gas may be added upntream or downstream of the
cicctron hombardment zone Reactant sapor n added at the
tepnmng of 2 63cm reaction length A thermal expansion
rtection 18 made to the reaction length. but amounts to
onfsy 098¢ o1 1 ¢, at 100K Reaction rate coefficxents
were determined from  cxponential attenuanon of the
rriman 1on intensity as the reactant concentration was
increased  Detals on the operation of a floming afierglow
apparatus have been pyen by Ferguson et al [8)

We have encountered three problems The first, a predict.
abie problem. 18 loss of pnmary 1ons due to diffusion. The
diffusion rate 1s ') increases with temperature according to
4 powet-law dependence between T snd P+* depending on
the 10nic constituency of the plasma. for a constant pressure
{'p to 1300 K. however. we have been abie to overcome the
Jdiffunon dilemma with modest increases 1n the buffer gas
flow rate (for a pressure of typacally 1 3torr st 1300K). Also,
the carner gas velocity increases with temperature, and the
shorter reaction time lessens the effect of diffusion.

A second problem is thermionc emission of alkali metal
iwons from the i1on sampling sperture plate (made of
molybdenum), which becomes especially intense above
IMOK and preciudes work with ions of certain masses
above 1000K We replaced the molybdenum plate with a
stasnless steel one, which reduced the thermionic emission
by a decade, but the alkals metal 1on currents are still more
intense than any othet 1on current we detect. Redesign of
the electrostatsc lenses (1o view less of the area of the aper-
ture plate) may mitugate this problem. The hot flow tube
itself presumably emits alkali metal ions, but there is no
drawout potential as in the case of the aperture plate. A
Langmuir probe inside the 1200-K flow tube indicated low
plasms density (sn upper limit of 10°cm ") in absence of
clectron bombardment. We have detected F * jons due to
surfsce-catalyred dissociative attachment to SF,, and we
expect that surface ionization msy become a serfous obs-
tache to work st still higher lemperatures.

A final problem is thermal decomposition of reactant gas.

The apparent rate coefficients for reaction of O with NH,

and N, showed reasorable behavior that 15 a slow
dechine 1n agreement with flow-dnft results [9] up to TOK.
hut decrcased preaptousiy at higher temperatures The
data suggest that the reactant gas was being converted into
a non-reactive speaxes Theie temperatures are lom enough
that the decomposuition must he taking place on surfaces,
most plausibly 1in the S.mun 1d reactant gas inlet tube
The inlet tube 13 stamnless steel and runs for M0cm along
the hot portion of the flow tube The first data we obtained
with the HTFA were for the fundamental nucicophiix
dnplacement reactioms (1 +« CH,Br -« Br + CH,Cl and
(1 + CH,l -1 + CH,Cl where we observed rapud nises
in the apparent rate coeflicients with temperatures above
700K Excitement over these results was quenched by a
report from Pearl and Burrow [10) that a hot > 500K)
stainless-steel feedline catalyze: the formation of HQ1 from
decomposstion of CH,(1 gas passing through it.

). Resules

Data for the associative detachment reactions.

O «CO-CO,+¢e. AH = -41leV, om
O +NO-=NO,+e. AH = -17eV. )

are compared in Fig 2 with data obtained at temperstures
in the range 35-475K in sclected ion flow tube (SIFT)
cxperiments in this laboratory (11, 12], and with rate coeffi-
cients obtained as a function of transiational energy at
JOOK using 8 flow-drift tube (FDT) apparatus at the NOAA
laboratories [13]. The abscissa in Fig 2 is given as center-
of-mass kinetic energy (3kT/2) instead of temperature, for
ease in comparison with the NOAA FDT data. Compan-
sons and references 1o carlier data sets are given in Ref.
{13]. The enthalpies given with reactions (1) and (2) were
calculated from thermochemical data in Ref. [14). The cal-
culated collisional rate coeflicients for reactions (1) and (2)
are 1.06 x 10°° and 998 x 10~ '°cm?’s ™! respectively, at
300K. The caiculations were carried out using the method
of Su and Chesnavich [15] with polarizabilities and dipole
moments from Rel. [14). Since CO and NO possess small
dipole moments, there is a weak deciine in these collisional
rate coeficients with temperature (2-3% lower at 1200 K).

A qualitative explanation for the data of Fig 2 has been
given in Ref. (13], based on resonances observed in clectron
scattering from CO, and NO,. The reaction efficiencies are
spparently related to the fraction of potential cur.es for
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P o Rate coeffioents G reaction of () wth (O (hiled symboty) and
SO open wwrabotts The cecles tpresest HTFA daw) and squares (SIFT
23ta) repvesen) thermal measurements The tnaagies (FDT dats) represeny
Jdata for o ranpge of translatsonal energees o1 Ared ( VOO K ) teamperature

NO O or CO-0O  that are attractive rather than repul-
sine The decrease in the rate coefficients with temperature
tar kinctic energy) 1s attnbuted to the shortening of the col-
liston compeex lifetime with energy. The present HTFA data
tpure temperature vanation) follow the trend set by the
NOAA FDT data ttranslational energy) well, indicating that
the relative translational energy 1s the relevant parameter
controlling the associative detachment reaction. At tem-
peratures around 1000 K the present rate coefficients tend lo
be lower than the NOAA data, especially for O™ + NO
Because of the scatter 1n the present data, it is uot possible
to be certain of a departure in the two data sets at high
temmperatures; results at still higher temperatures are
requited The vibrational fundamentals of CO and NO are
cuaited at only the 4-7% level at the highest temperature
reached 1n those experiments.
Rate coefficients for the reaction

0; + CH, ~CH,00H" + H 3)

arc shown in Fig 3, compared with SIFT and FDT results.
Reaction (3) is one of the best studied ion-molecule reac-
tions [16-18]. Earlier research on this reaction is discussed
n Refs [16-18). The isomeric form of the product ion was
identified by Van Doren et al. [16]. Barlow et al. {17]
reacted O; with deuterated methanes to gain information
on the mechanism of the insertion reaction (3). Viggiano et
al. [18] found that excitation of low frequency vibrations in
CH, enhances the efficiency of reaction (3) by a factor of 17.
The comparison shown in Fig. 3 on the temperature depen-
dence and the transiational energy dependence of rate coeffi-
cients for this reaction is rather striking and reinforces the
conclusions of Viggiano et al. [18]). At temperaturcs (400K
or 0.05¢V) where CH, vibrations begin to be significantly
excited, the temperature dependence of the reaction rate
coefficient alters course dramatically compared with the
trend observed with increasing translational energy. Pre-
sumably, the C-H vibration facilitates insertion of O5 into
aC—H bond,
We have also obtained rate coefficients for the reaction

O +CH,-OH" +CH, 4
Physica Scripta TS9
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over the temperature range 300 1300K, but we are report.
ing these data scparately because cur study of reaction (4)
was integrated with a detailed theoretical analvss [19]

4. Concluding resnarks

In their proneering work on ion-molecule reactions at high
temperatures, Lindinger et al. [2] noted that 900K secmed
“to be about the practical limit for a flowing afterglow
system.” Ferguson [20] also noted “This was painfully
laborious. The maternials problems at 900K are horrendous,
and the measured rate constants at 900K had much larger
uncertaintics than the room temperature measurements.”

We have constructed a flowing afterglow apparatus
capable of operation at temperatures in the range 300-
1300K at present. The apparatus is being developed in three
stages. The next stage will utilize a ceramic flow tube and
commercial “clamshell” heating clements rated at 1600K.
The final stage will likewise make use of a ceramic flow
tube, but with a commercial furnace rated at 2000K. It is
quite possible that at some point in this development
program, we will find that thermionic emission and/or
surface ionization or surfacecatalyzed decomposition of
reactants will prevent us from making measurements of rate
coeflicients for ion-molecule reactions above a certain tem-
perature. The present work shows that any limitation lies
above 1100K.

We have given here results for O™ + CO and O~ + NO
for temperatures 300-1100K, and for O;7 + CH, for 300-
975K. For the two O~ reactions, the temperature depen-
dence of the rate coefficients was the same as the
translational energy dependence, with some departure ;;03-
sible at 1000K. For the OF + CH, reaction, a comparison
of the temperature dependence and translational energy
dependence of the rate coefficients provides additional [18)
evidence that CH, vibrations play a significant role in facili-
tating O insertion into a C—H bond of methane.

In order not to be confined to using highly stable zases
(e.g. N,), we plan to experiment with a quartz reactant inlet
and a cooled inlet at some point in the future. In addition, a
residual gas analyzer has been installed just beyond the ion




sampling aperture plate, but only demonstration mass
spectra have been obtained thus far,

One finai remark: we believe that the scatter in the data
presented here is not inherent to the method. The scatter is
mostly related to the problem of “curvature” in the semi-
logarithmic decay plot of the reactant ion current, with a
number of possible explanations relating to (a) metastable
helium produced in the ion source, (b) free electrons in the
interaction zone, (c) incomplete production of the primary
1on in the region of the flow tube ahead of the neutral reac-
tant inlet, (d) a change in the diffusion rate in the plasma in
the interaction zone, and (e) secondary reactions which
regencrate the primary ion.
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